The integrity of buildings and the safety of their occupants can be catastrophically affected by the action of contact or near-field explosions. Numerical simulation studies should be carried out in order to better understand the response of reinforced concrete (RC) structures to such dynamic impulsive actions. When concrete structural elements are subjected to near-field blast loads, large deformations, rate effects and overloading render the modelling of concrete extremely complex. Significant research has been done since September 11, 2001, in order to improve the computational abilities, to understand the complex non-linear behaviour of concrete under extreme loading conditions and to obtain reliable numerical results. Simulations can be done using 'user-developed' codes or commercial hydrocodes. One of the most common hydrocode is LS-DYNA, where concrete can be treated as a homogeneous material. In this particular project LS-DYNA is used along with the Winfrith Concrete Model to simulate the response of a two-layer RC slab to several contact detonations (using C4, Composition-4). The aim is to achieve a contact explosion between the target (slab) and the explosive since literature can provide us with only limited information regarding this. The slab and the high explosive are explicitly modelled using the multi-material arbitrary Lagrangian-Eulerian approach (MM-ALE). The obtained numerical results are validated using experimental data. The aforementioned numerical results of the damage are in favourable agreement with the experimental data, with average errors lying under 10%. In addition, it was observed that the increase in the explosive mass led to a change of the damage mode from penetration to perforation. Concrete's crack pattern was also investigated.
INTRODUCTION
Explosions are high transient dynamic events where overloading, rate effects and large deformation take place due to the rapid release of energy. Based on the way in which this energy is released, explosions can be classified as physical, nuclear or chemical. Furthermore, the explosive material can be solid, gas or liquid and its sensitivity to ignition is responsible for the classification of the explosive as being primary or secondary. Most of the released energy is contained in a relatively thin layer of air under compression (blast wave) [1] , which is responsible for the severe damage on the structure. A typical blast pressure profile as well as expressions regarding the maximum overpressure can be found in Tai et al. [2] . Hydrocodes that are most commonly used to capture the behaviour of concrete under those circumstances are AUTODYN [3] and LS-DYNA [4] . The stresses and strains are treated in the above codes separately in a volumetric and a deviatoric part. The volumetric part is governed by the equation of state (EOS), which relates the hydrostatic pressure with the local energy and density. The strength surface, defined by a strength criterion (e.g. Drucker-Prager, MohrCoulomb, William-Warnke five parameter criterion, Hsieh-Ting-Chen, Ottosen) governs the deviatoric part and shows the relationship between the first stress invariant I 1 and the second invariant of the deviatoric stress tensor J 2 and sometimes with the third deviatoric stress invariant J 3 [5] . Furthermore, the strength of the concrete is strain rate dependent. As the strain rate increases the strength of the concrete increases as well and the dynamic increase factor (DIF) is a parameter that can be used to represent this sensitivity. Bearing in mind that concrete exhibits different behaviour in tension and compression, the DIF should be able to capture this. Several material models have been developed and implemented in the referred finite element packages. They take into account the basic characteristics of material behaviour (e.g. strain hardening, pressure hardening, strain rate dependency) but they differ in some proposed assumptions [6] . In particular, in some material models the third deviatoric stress invariant J 3 is not considered or the DIF factor is the same for both tension and compression. The above explains the existence of a large number of material models. Each new model tries to recommend better parameters and to improve on the existing models. An important issue that is addressed here is to make a model parameterisation that reflects the actual non-linear dynamic behaviour of concrete under contact detonation.
EXPERIMENTAL SET-UP
In the present study, five RC square-shaped slabs with dimensions 850 × 850 × 70 [mm 3 ] were tested in the laboratories of the Royal Military Academy (Belgium) under contact explosion. The explosive charge was placed at zero standoff distance. The experimental work has been conducted to obtain data for validation through numerical simulation using the finite element analysis software LS-DYNA.
Concrete slabs were reinforced with a two-layer steel mesh with 20 mm concrete cover, each mesh consisting of 6 × 6 steel bars with a 5 mm diameter and 150 mm spacing from centre-to-centre. The reinforcement yield strength was 469 MPa, the density 7890 kg/m 3 and the elastic modulus 205 GPa. The concrete that was used for the preparation of the slabs had an average 28-day compressive strength of 45 MPa, a tensile strength of 5 MPa, a density of 2370 kg/m 3 and an elastic modulus of 33.5 GPa.
Composition-4 (C4) was chosen as the plastic explosive. This high explosive is extensively used in industrial and military applications. Its chemical name is cyclotrimethylenetrinitramine (C 3 H 6 N 6 O 6 ) and it is commercially known as RDX (Royal Demolition Explosive or Research Development Explosive). C4 has a higher specific energy than TNT. For modelling purposes an equivalent mass of TNT is required as an input, which means that the mass of C4 should be multiplied by a converting factor of 1.37 [7] .
Five identical RC slabs were tested under the contact explosion of 75, 50, 25, 15 and 10 g of C4. The explosive was positioned at the centre of the slabs, which were supported on steel frames.
NUMERICAL MODELLING

General approach
The commercial explicit FEA package LS-DYNA was used for its potential in modelling highly transient problems. For dynamic phenomena such as blast loading, LS-DYNA utilises explicit time integration based on the central difference technique. Three different approaches can be used in LS-DYNA to simulate structures under blast loading: (i) load blast enhanced (LBE), (ii) multi-material arbitrary Lagrangian-Eulerian (MM-ALE) and (iii) the coupling between these two [8] . The first is a Lagrangian approach, which means that the mesh and the structural material are moving together. The disadvantage of this method is that in large deformation events, elements may become too deformed, leading to a wrong solution. Using the MM-ALE technique, however, where the explosive charge and the air are separately modelled, it is assumed that the material flows through the mesh and that the elements can consist of multiple materials. In the present study, MM-ALE is used since it is a very attractive method for representing the flow of the gas from explosives under detonation [9] . The discretisation shown in Fig. 1 was achieved using two-plane symmetry (i.e. 1/4 of the slab, 425 × 425 × 70 [mm 3 ]) and solid hexahedra elements (size hc = 5.53 mm) for the Lagrangian part (slab). Furthermore, the air was modelled using the same mesh size in a box with dimensions of 425 × 425 × (70 + R) mm 3 , where R is the radius of the equivalent TNT charge. Knowing the mass of TNT and its density (r = 1600 kg/m 3 ), the radius of the five different amounts of the explosive was determined.
Contact algorithms
There are three methods employed to include the reinforcement into the concrete slab and couple the two Lagrangian parts [10] . The first method is the smeared approach where the reinforcement bars are considered as a volume fraction of the steel and the concrete. The second is the explicit approach with shared nodes, where the nodes of the reinforcement and concrete are shared. The third method and the one that is used in the current work is the penalty approach, where the two meshes are developed individually using the same size of elements (solid hexahedra elements and beam elements for concrete and reinforcement, respectively). Then the rebars are embedded in the concrete slab, where perfect bonding is considered [2] . The same penalty method was used to couple the air and TNT of the Eulerian domain with the slab, which belongs to the Lagrangian domain.
Boundary conditions
The explosive is placed at the top edge of the slab and only 1/8 of it is modelled due to symmetry. Every side of the slab next to the explosive is allowed to move on the directions of the side but the rotations are fixed for those directions. The air at the same sides follows the same boundary conditions. Modelling 1/8 of the explosive means that the top face of the air is fixed from moving upwards and downwards and the rotations on the other two directions are fixed as well. In addition, boundary non-reflecting conditions were chosen for the other two sides of air, which are away from the explosive. For the rigid material of the fixed at the bottom supports (50 × 50 × 425 [mm 3 ]) with r = 7830 kg/m 3 , E = 207 GPa and n = 0.3, solid hexahedra elements and automatic surface-to-surface contacts were chosen.
Damage criteria
An erosion algorithm was implemented and used to represent the physical damage procedure [11, 12] . This is a numerical technique where elements that have reached a limit strain value are deleted from the model. The purpose of doing this is that in conditions of large deformations, such as the blast wave effects, the Lagrangian mesh can assume non-physical deformations.
A wide range of erosion criteria exists and it is a known fact that numerical results are strongly influenced by the erosion criteria. Most of these criteria are based upon strain limitations. In the current work and after a convergence study, which showed that the strain value is mesh dependent, the equivalent strain ε = 0.001 is used.
Gaseous materials (explosive and air)
Equation of state (EOS)
The Jones-Wilkins-Lee (JWL) EOS is adopted to model the high explosive [2, 9] . The model determines the detonation time of the charge when the velocity D, the initial density r 0 and the pressure of detonation are known. The pressure that depicts the energy that is released can be given by the following equation:
where A, B, ω, R 1, R 2 are constants, E is the energy per unit volume and v = r 0 /r is the relative volume (values are listed in Table 1 ). In addition, the EOS used for modelling the air is the following linear polynomial equation: 
where E 0 =0.258 MPa is the initial energy density, μ = r/r 0 − 1 with r and r 0 the current and the initial density of air (r 0 = 1.23 kg/m 3 ), and C 0 -C 6 are coefficients. Air is assumed as an ideal gas with C 0 = C 1 = C 2 = C 3 = C 6 = 0 and C 4 = C 5 = g − 1 (g = 1.4). 
Gaseous material models
The Mat_HIGH_EXPLOSIVE_BURN card is used for the high explosive and Mat_NULL for the air; the latter allows the EOS to be applied without finding the deviatoric stresses and also permits air to behave like a fluid.
3.6 Structural materials 3.6.1 Material model for the slab The Winfrith concrete material model has been used in the current study. This model was initially developed for the UK nuclear industry in the 1980s and, in 1991, was implemented in LS-DYNA [13] . The model considers the third stress invariant of the deviatoric stress tensor (J 3 ), the elimination of the expansion of the material through radial return, non-compulsory consideration of rate effects, strain softening in tension through crack opening width, cracking of concrete material in tension with the limit of three orthogonal crack planes on each element and consideration of reinforcement within the model or explicitly. The deviatoric part describing the material's failure surface can be derived from the Ottosen criterion as follows [14] :
q a
where a and b are internally generated constants that adjust the meridional shape and are affected by the ratio of the tensile to compressive strengths, K 1 and K 2 are functions of the same ratio and l shows the dependence on the J 3 invariant. The EOS that relates the pressure to the volumetric strain is either taken into consideration within the model or can be user defined. Concrete behaviour is known to be strain rate dependent as its static tensile and compressive strengths increase by a factor (DIF) when subjected to dynamic loading [15] . Rate effects were considered in this work. The coding in LS-DYNA for the Winfrith model follows the enhancement factors recommendations for tension and compression given by the Comité Euro-International du Béton [16].
Material model for the reinforcing bars
The reinforcing bars were assumed as beam elements with rate effects (viscoplastic formulation) and ductile behaviour after yielding. In addition, linear elastic performance was adopted before yield and plastic deformation along with strain hardening after yield.
4 RESULTS AND DISCUSSION Numerical and experimental results of the observed damage from the front and the back side of the detonated slabs are presented in Table 2 , along with the obtained errors, in order to prove that simulations can predict the experimental data in a very good manner. Furthermore, all the results will be discussed separately even though only images from the lower case (10 g) and upper case (75 g) are presented in Figs 2 and 3.
As shown in Fig. 2 , under the detonation of 10 g of C4 the slab exhibited moderate damage both for the experiments and the numerical simulations. The medium class spallation that occurred in the experiments -very shallow penetration of 10 mm from the top and the bottom of the slab -perfectly matched the numerical spallation. Furthermore, the errors of damage for the front and the back side of the slab (10.6% and 5.2%, respectively) showed favourable agreement.
The slab under the detonation of 15 g of C4 showed again a moderate damage but with greater penetration due to the increase in the amount of the explosive. The experimental penetration was measured as 20 and 22 mm for the front and the back side of the tested slab respectively, while the numerical penetration was measured as 16.59 and 33.18 mm for the same sides. Although the error obtained in the upper side is too low (6.4%), the numerical simulations for the lower side underestimate the damage, with an obtained error of 17.7%.
The case of the 25 g of C4 explosion exhibited the threshold of high damage with evidence of total penetration (perforation). Comparison between experimental and numerical results predicts the damage at the front and back faces of the slab, with 6.5% and 13.4% errors, respectively. Additionally, high damage level combined with perforation can be observed after the detonation of 50 g of C4. Although the numerical prediction of the damage in the front side exhibited the best performance giving the lowest error among the other slabs (0.5%), the error obtained at the back was slightly high (12.4%), but again in an acceptable range.
The detonation of 75 g of C4 showed again that the numerical damage and the experimental damage were consistent. Both the experimental and numerical results (Fig. 3 ) exhibited high damage with perforation. In the front face of the slab, the predicted damage is very close to the experimental with a given error of 6.0%. While at the back even though the numerical prediction of the diameter's damage is larger than the damage caused by the 50 g, it still gives a slightly high error of 13.3% but again in an acceptable range.
The results in Table 2 , show that the errors lie in the acceptable range of 6.50% to 10% except for the detonation of 15 g of C4 which slightly exceeds that value (12.1%). Furthermore, the experiments showed that as the amount of the explosive is increased the damage increases as well. The numerical results are in favourable agreement with the above statement. In addition, comparing the errors obtained separately from the upper and lower side of the slabs on each detonation, we concluded that the numerical modelling predicted the damage more accurately at the front face of the detonated slabs than at the back side.
In terms of the crack pattern, Fig. 4 shows the crack propagation at the front face of all tested slabs. As the amount of C4 increases, diagonal cracks start from the centre of the specimens and expand to the corner. These cracks follow the yield line of a supported slab. Under 15 g, no cracks were observed. When the explosive was increased to 25 g the first diagonal cracks were evident. The width of those was approximately 5.5 mm. Under the detonation of 50 and 75 g these cracks were totally expanded to the corner and the width of those was increased to 10 mm approximately. The crack propagation can be observed in Fig. 5 , along with the damage at the back face of all tested slabs. When the incident wave hits the upper face of each slab it acts as a compressive load. At the same time and as the detonation is in contact the reflected wave (tensile load) causes a bending failure at the back face of the slabs due to the concrete's low tensile strength. When the amount of the explosive increases, the slabs moved from bending failure to punching shear failure. Since the diameter of the whole at the top is smaller than the diameter at the back, we concluded that the concentrated forces from contact explosion induce a cone-shaped perforation through the thickness of the slabs (punching shear effect). In addition to that, the diagonal crack propagation continues with the formation of radial cracks that start from the centre of the slabs. The width of the cracks is approximately 5.5 mm for the 10 and 15 g while for the 25, 50 and 70 g it is around 10 mm.
5 CONCLUSIONS Numerical simulations using the MM-ALE approach were carried out for five RC slabs under contact detonation of 75, 50, 25, 15 and 10 g of C4, in order to validate the experimental results obtained from the Royal Military Academy of Belgium. The numerical results are in favourable agreement with the experimental data, with average errors lying under 10%. Furthermore, it was observed that the increase in the explosive amount leads to an increase of the damage from penetration to perforation. Based on this, it was concluded that the 25 g of C4 was the threshold of the total perforation of the concrete slabs. In addition, the crack propagation mode in the concrete slabs starts with flexure failure and continues with punching shear failure.
